This paper presents a numerical analysis of entropy generation in a two-dimensional rectangular channel where the inlet flow undergoes thermal decomposition resulting from a chemical reaction. The model considered viscosity and thermal conductivity to be dependent of temperature. Irreversibility due to mass transport was included in the entropy generation analysis. Relevant applications of this study are possible for the design of power generation systems and reactors. The effects of the Reynolds number, Schmidt number, and length of the heat source on thermal fluid dynamics, mass transfer, and irreversibility were also investigated. It was found that thermal decomposition increases at: a) low Reynolds numbers, b) low Schmidt numbers, and c) increased length of heat source. Additionally, overall entropy generation increased when Reynolds number and length of heat source were increased, although in all cases, overall irreversibility attains a minimum value at a specific Schmidt number.
INTRODUCTION
Over the past decades, flow simulations in open systems have received considerable attention due to their relevance for a number of engineering, industrial, and natural applications; however, there is a lack of research related to hydrodynamics and entropy generation in systems where chemical reactions take place in the fluid. Examples of practical applications of the current research in the field are reactor and energy conversion systems: Bousri et al. (2017) performed simulations of heat and mass transfer in a system involving a chemical reaction in a two-dimensional channel with impermeable walls and uniform heat flux. The flow was assumed to be steady and incompressible. Harfash and Alshara (2015) analyzed the effect of chemical reactions on a double diffusive convection model in a porous cavity, and presented the stability analysis and numerical simulations of the convective motion of an incompressible fluid. Lazarovici et al. (2005) carried out a numerical investigation of the convection within a square reactor modeled as a closed cavity with chemical reactions. The governing equations for an incompressible flow were solved by the vorticity-stream function approach. Luo et al. (2004) discussed the results of computations aimed toward an acceptable scaled-up version of an impinging jet chemical reactor modeled as an open cavity. They were successful in determining geometry and a range of appropriate flow parameters by analyzing streamline, concentration, and temperature contours. Van Saten et al. (2001) conducted another numerical study of laminar flow and heat transfer in a chemical decomposition reactor. They analyzed the convection regime, recirculation cells, temperature contours, and Nusselt number. Waghode et al. (2005) reported on the simulation of fluid dynamics and heat transfer in a microreactor modeled as an open cavity and obtained data for velocity, pressure, concentration, and temperature fields. Lin et al. (2009) considered a two-dimensional steady laminar flow with heat and mass transfer, as well as wall surface reaction, in a vertical reactor, and calculated streamlines, isotherms, and deposition rate. All these studies indicate that the configuration of the cavity and the properties of the fluid affect the thermal fluid dynamics of the flow.
On the other hand, the search for the conditions that control heat and mass transfer in systems without chemical reactions modeled as cavities has received considerable attention from many researchers. Specifically, open configurations have been numerically studied by several authors. Mariani and Coelho (2007) investigated the natural convection due to the temperature differences between left and right walls and an internal heat source in open enclosures. Rahman et al. (2013) carried out an investigation of a two-dimensional laminar incompressible mixed convection flow in a ventilated cavity. Fontana et al. (2016) carried out a comparison between linear stability analysis and numerical simulation of Rayleigh-Benard convection in double-layer channel flow. Dhiman et al. (2012) analyzed the effects of blockage ratio on the cross-buoyancy around a confined square cylinder in a channel. Kaiser (2016, 2014) studied natural convection and radiation in open cavities taking into account the variable thermophysical properties of air.
Finally, entropy generation analyses to determine optimal design criteria have recently become a topic of interest in many engineering and industrial fields. What follows is a review of the entropy generation literature. Zehtabiyan-Rezaie et al. (2017) performed a numerical study of heat transfer enhancement and entropy generation in the flow inside open cavities in the presence of inclined magnetic fields. Khan and Gorla (2012) presented the second law analysis of heat transfer and fluid flow due to free convection over a horizontal plate with prescribed surface heat flux. Shuja et al. (2008) studied flow over a porous block inside a channel and numerically studied the effects of channel inlet port height, porosity, and block aspect ratio on entropy generation. Cheng and Huang (1989) numerically evaluated the entropy generated by a laminar two-dimensional force convection flow over transverse fins attached to a horizontal channel. Chen et al. (2014) reported numerical studies on heat transfer performance and entropy generation rate in a vertical channel containing a fully developed flow of nanofluid. Bermejo et al. (2013) carried out the process of minimization of the total entropy generation in an evaporator and obtained an expression to estimate the best channel width that minimizes the entropy generation. Mahmud and Fraser (2005) examined the flow, thermal and entropy generation fields inside a parallel plate channel and analyzed the velocity and temperature profiles, the Bejan number and the average entropy generation number.
The previous literature review shows that fluid dynamics, heat, and mass transport in open and closed systems have been widely studied; however, to the best of our knowledge, no attention has been paid to thermal characterization in channels where chemical reactions are taking place. The main objective of the present study is to analyze the effects of Reynolds number, Schmidt number, and length of the heat source on the generation of entropy in flow inside an open rectangular system due to thermal decomposition driven by a chemical reaction. The main contribution in the present study is the characterization of irreversibility production due to complex interactions between fluid dynamics and heat and mass transfer inside an open cavity where the fluid undergoes thermal decomposition; the results may have potential applications in the design of chemical and nuclear reactors and energy conversion devices (Bousri et al. (2017) , Harfash and Alshara (2015) , Lazarovici et al. (2005) , Luo et al. (2004) , Van Saten et al. (2001) , Waghode et al. (2005) , Lin et al. (2009) ).
The originality of this work consists of numerically analyzing the generation of entropy, through the hydrodynamic characterization of complex nonlinear phenomena that arise in convection-diffusion processes coupled to a chemical reaction, which has not been addressed by other researchers. The study of entropy generation is justified because, by minimizing entropy, the operating parameters are known with which a device can operate with the minimum energy consumption, contributing to the efficient use of energy and the environment care.
FORMULATION OF THE PROBLEM
The model analyzed in this study consists of a twodimensional rectangular open cavity with a chemical reaction that produces thermal decomposition, see Figure 1 . The cavity is open at the upper left wall and at the lower right wall, where the fluid respectively enters and leaves the system. A hot plate is located at the center of the bottom wall; different lengths of the heat source Wp=0.2 to 0.4 were modeled. In order to investigate the effect of the viscous diffusion rate against the molecular diffusion rate, the Schmidt number Sc was varied from 1 to 100. The effect of fluid dynamics on thermal decomposition was analyzed by Reynolds number Re, which was varied from 100 to 1000. Zero concentration gradient, no slip, and adiabatic boundary conditions were imposed on the walls of the domain, except for the place where the heat source was located. The relevant dimensionless boundary conditions imposed on the cavity were as follows: inlet flow temperature was fixed to T c =0; isothermal hot plate temperature was fixed to T h =1; and a high concentration C H =1 was imposed at the entrance of the cavity.
The problem described above may have applications in chemical reactions with a single reactant, that is, unimolecular reactions where heat is applied to decompose into a product A and a product B, one of these chemical reactions being the thermal decomposition of ammonia NH 3 , which decomposes into nitrogen N 2 and hydrogen H 2 . In this sense, the present investigation can be applied to obtaining H 2 for its use in fuel cells (Waghode et al. (2005) , Cheddie (2012)) contributing to the environment by reducing pollutants to the atmosphere.
MATHEMATICAL MODEL

Transport Equations
The study of a flow through a channel with heat and mass transfer requires the solution of the Navier-Stokes equations (continuity and momentum conservation), coupled to the energy and mass transport conservation equations, that have been widely reported in the literature (Anderson (1995) , Zienkiewicz (2014) ).
The dimensionless Navier-Stokes equations, together with the mass and energy equations which govern an incompressible fluid with heat and mass transfer due to a chemical reaction in a twodimensional domain Ω can be written using the following dimensionless variables:
The velocity vector is given by u=(u 1 , u 2 ), where u 1 is the axial component and u 2 is the transversal component, Pr is the Prandtl number, p is pressure, t is time, µ is dynamic viscosity, t f is final time, which is the time where steady state is reached, T is temperature, k is thermal conductivity, and C is concentration. The source terms for the energy and mass equations are respectively given by Q and R mt . Schmidt number, Reynolds number, Prandtl number, and Richardson number can be written as: 
In this study, the Richardson number was fixed to Ri=1, this value was selected based on the result reported by Luo et al. (2004) , who determined that the optimum design of a reactor occurs when Ri = 1.191, a value close to unity where the effects of forced and natural convection are equal. U in is the velocity of the flow at the inlet, D is the diffusion coefficient, ρ is density, and W is cavity length. Specific heat capacity, reference dynamic viscosity, and reference thermal conductivity are given by C p , µ ref , and k ref , respectively. Additionally, R mt and Q can be written as:
and where reaction heat is given by Φ and reaction rate is given by r:
(2)
(8)
here γ is the rate constant:
The second term is the local generation of entropy due to heat transfer:
where A is the pre-exponential factor, E is the activation energy and R g is the gas constant. It is important to note that Q and R mt depend on temperature through the reaction rate r, which is a function of the rate constant γ, which in turn depends on the temperature. The dimensionless initial conditions assumed throughout the cavity were fluid at rest, uniform temperature T=0, and uniform concentration C=0. The variations of thermal conductivity and viscosity as a function of temperature were included in the model as follows: ' and µ µ µ
Entropy Generation Equations
To calculate the entropy generation in fluid flow problems with heat and mass transfer, it is necessary to obtain the velocity, temperature and concentration gradients from their respective distributions obtained by solving the conservation equations. Next, the equations are described for calculating entropy generation due to viscous dissipation, thermal diffusion and concentration diffusion that have been used in several research works (De Groot and Mazur (1984) , Ghachem et al. (2012) ).
Total dimensionless local entropy generation in a flow with mass transfer can be written as:
The first term is the local generation of entropy due to fluid friction:
The third term is the local generation of entropy due to mass transfer:
Overall generation of entropy is obtained as follows:
The ratio of global heat and mass transfer irreversibilities to overall entropy production is the average Bejan number:
The Bejan number is important because it allows measuring the contribution of irreversibilities due to temperature and concentration gradients with respect to the total generation of entropy, in a way that allows determining the type of dominant irreversibility in a device or process. Equation (19) is based on both the irreversibilities due to the temperature S ht and the irreversibilities due to the concentration S mt , which assures that the concentration gradients are included. This definition of Bejan's number has been used in recent works (Chen et al. (2015) , Ghachem (2012) ). The reason for making this modification in the Bejan number is that the entropy due to the concentration S mt has two components; as indicated by Eq. 17, the first contains only concentration gradients and the second contains combined gradients of concentration and temperature. Therefore, irreversibilities due to concentration are strongly associated with temperature gradients. 
COMPUTATIONAL IMPLEMENTATION
The system of strongly coupled governing equations defined by Eqs. (2)-(5), combined with the boundary conditions stated earlier, was solved using a stabilized finite element method, which guaranteed the elimination of instabilities and spurious oscillations of the convection-diffusion reaction equation. The stabilized finite element method allows an accurate evaluation of the necessary velocity, concentration, and temperature gradients to accurately estimate entropy generation; detailed information about this method can be found in recent literature and this will not be repeated here, see for example Volker et al. (2009 ), Volker et al. (2008 , Hauke et al. (2007) and Duan et al. (2014) . The governing equations are split into seven sub-problems using a splitting scheme (Ganesan and Tobiska (2012) , Ganesan (2012) ) given by:
The system of equations above was used to obtain numerical simulations, and it stopped when the steady state was reached.
ANALYSIS OF THE MESH CONVERGENCE
The mesh dependence test for the thermal decomposition model was performed using different grids to guarantee grid-independent solutions. Mesh sizes of 21316, 24336, 27556, 30976, and 34596 nodes were used to carry out the grid sensitivity study. When comparing the solutions for grids with 21316, 24336, and 27556 nodes, considerable differences were observed; however, the analysis of the solutions for grids of 30976 and 34596 nodes indicated a variation of less than 1.2%. Grid independence was verified by calculating the Nusselt number, total entropy generation, and Bejan number for the five different mesh sizes. Table 1 shows the mesh convergence analysis for two cases; in view of the results, the 30976node mesh was adopted for the ensuing calculations.
RESULTS AND DISCUSSION
Numerical simulations were conducted to obtain detailed information about the flow field inside a cavity with a chemical reaction. The main emphasis was given to the influence of Reynolds number, Schmidt number, and length of the heat source; consequently, a parametric study within the range of Re=100 to 1000, Sc=1 to 100, and Wp=0.2 to 0.4 was carried out. The inside flow of the cavity was affected by three factors: fluid inlet velocity, molecular diffusivity, and heat source length. Mass transport due to mass, energy, and momentum are presented as an analysis of streamlines, isotherms, and concentration contours. The following sections present a detailed discussion of heat transfer rate in terms of Nusselt number, as well as irreversibility in terms of total entropy generation and Bejan number.
Validation of Results
In order to validate the numerical code, two different comparisons of entropy generation and heat transfer rate were performed. The verification of the average Nusselt number has been carried out for convection 
heat transfer in a open cavity studied by Raji and Hasnaoui (1998) . In addition, the computational code has been validated for convection in an open cavity analyzed by Manca et al. (2003) . Table 2 shows good agreement when Nusselt numbers are compared. The validation of the entropy analysis has been carried out for laminar natural convection in a cavity studied by Magerbi et al. (2003) . Table 3 shows good agreement when Bejan number and entropy production are compared.
Fluid Dynamics
Flow inside an open cavity, for a Schmidt number of 1.0, with a heat source in the form of a rectangular block at the bottom wall is illustrated in Figure 2 . Three different heater lengths were analyzed in order to study the effect of the length of the heat source on the thermal decomposition of a substance. The left and right panels in Figure 2 show the streamlines for Wp=0.2 and 0.4, respectively. The top, middle, and bottom panels in Figure 2 outline the streamlines for Re=100, 500, and 1000, respectively. Three zones of vortex formation can be identified. The first zone is behind the heater, where the inlet fluid experiments an abrupt change of the cross-sectional area, generating a clockwise vortex. The second zone is in front of the heater, where a weak clockwise vortex tends to form. The third vortex formation zone is located at the top right corner of the cavity, where an anticlockwise vortex emerges. Finally, a predominant stream moves from the inlet to the outlet of the cavity; its size changes in the central part of the cavity as a function of the Reynolds number. As expected, vortex formation intensifies and becomes more complex as the Reynolds number is increased; moreover, changing the length of the heater produces changes in the number and size of the vortices, and this behavior is most noticeable at higher Reynolds numbers. At Re=100, only one vortex was observed in each of the three zones described above, for both Wp=0.2 and Wp=0.4. At Re=500, the sizes of the vortices increase, and for Wp=0.4, two vortices appear behind the heater. At Re=1000, three vortices appear behind the heater for Wp=0.2; increasing the length of the heater to Wp=0.4 causes two vortices to appear behind the heater, of increased sizes in comparison with Re=500. Furthermore, the size of the vortices located in front of the heater and those located at the top right corner of the cavity increase in size when the Re number is increased.
In order to provide a comprehensive insight into the dynamics of the flow, Figure 3 shows the axial velocity profiles at the middle vertical line. Figure 3a illustrates the axial velocity profile for Sc=1 and Wp=0.2 at different Reynolds numbers; a general parabolic behavior can be observed: the higher the Reynolds number, the higher the maximum axial velocity value. At the highest Reynolds number, negative axial velocities are observed near the heater as a result of fluid recirculation (Re=1000). In this case, one of the vortices formed behind the heater is extended over the surface of the heat source, reaching the middle vertical line. Figure 3b outlines the axial velocity profile for Sc=1 with two different Reynolds numbers and two different heater lengths. At low Reynolds numbers, the effect of the length of the heater is negligible; however, at high Reynolds numbers, the length of the heater generates variations in the velocity field. At Re=1000, axial velocity is increased toward the left, at the recirculation cell, and then, due to the predominant stream, axial velocity is reduced and the fluid changes direction; finally, axial velocity increases toward the right reaching its maximum value when Wp=0.4. Near the top wall, axial velocity is higher for Wp=0.4 than for Wp=0.2. Figure 3c shows the axial velocity profile for Wp=0.2 with two different Reynolds numbers and two different Schmidt numbers. No axial velocities variations are observed at low Reynolds numbers with either Schmidt number, but for Re=1000, some variations in axial velocities are observed near the heater due to the effect of the Schmidt number variation.
Thermal Characterization
The thermal behavior over the cavity domain due to the heat released by the chemical reaction can be suitably described by the temperature fields shown in Figure 4 . The left panel shows the isotherms for Wp=0.2, while the right panel outlines the isotherms for Wp=0.4; both panels correspond to Sc=1. The top, middle, and bottom panels in Figure 4 outline the isotherms for Re=100, 500, and 1000, respectively. As the Reynolds number is increased, the temperature contours tend to intensify at two zones. The first zone is associated with the heater and goes from the right end of the inlet step of the cavity to the right end of the heater. The second zone is associated with the right corner of the cavity and goes from the center of the top wall to the bottom of the right wall of the cavity. The hot temperature regions are confined to these two zones, and when the Reynolds number is increased, the first one tends to move and elongate above the heater, while the second one tends to move and grow at the right corner of the cavity. The hot spot associated with the heater is driven by the chemical reaction and the energy released from the heat source, and is transported due to fluid recirculation caused by the vortices formed at the bottom left corner of the cavity. On the other hand, the hot spot associated with the right corner of the cavity depends only on the chemical reaction, and it is less intense than the other hot spot. Additionally, the temperature field is characterized by a predominant cold stream that crosses the cavity from the inlet to the outlet. This cold region increases as the inlet velocity of the fluid is augmented. Large temperature gradients occur at the interface of the hot and cold zones, regions where the contours are clustered. The isotherms also intensify when the length of the heater is increased, due to the injection of additional energy.
Flow thermal behavior can be examined in detail using Figure 5 , which shows the temperature profiles at the middle vertical line. Figure 5a illustrates the temperature profile for Sc=1 and Wp=0.2 with different Reynolds numbers. In general, a hotter uniform temperature is observed with the lowest Reynolds number, and temperature variations strengthen as the Reynolds number is increased. Near the heater, temperature increases when the Reynolds number is increased as a result of the energy transport driven by the vortex formed above the heat source, where it reaches maximum value. Afterward, temperature starts to decrease, reaching a minimum value due to the cold temperature of the main stream. Finally, temperature increases again in the neighborhood of the top wall. Figure 5b outlines the temperature profile for Sc=1 with two different Reynolds numbers and two different heater lengths. At low Reynolds numbers, small variations are observed near the heater surface, although the effects of the heater length are evident at high Reynolds numbers, and the maximum temperature is reached with the longest heater length. Figure 5c shows the temperature profile for Wp=0.2 with two different Reynolds numbers and two different Schmidt numbers. At Re=200, important variations in the temperature profiles are observed when the Schmidt number is increased from 1 to 100. For Sc=1, temperature increases near the heater, reaching its maximum value when Re=1000; however, when Re=200, temperature reaches a relative maximum value. Afterward, temperature starts to decrease to a minimum value as the vertical coordinate increases and, near the top wall, temperature goes up again, reaching its maximum value when Re=200; however, when Re=1000, temperature reaches a relative maximum value. At the highest Schmidt numbers, the maximum temperature value occurs on the heater surface and, afterwards, the fluid cools down to a minimum value and then it undergoes a slight increase in its temperature. At Re=1000 and the lowest Schmidt number, the temperature profile is similar to the profile at Re=200, although its maximum and minimum temperature values are accentuated. At Re=1000 and the highest Schmidt number, a more complex behavior is observed near the heater than with the lowest Schmidt number.
Composition Characterization
The thermal decomposition of the substance over the cavity domain due to the chemical reaction as the flow moves through the cavity can be characterized by the concentration fields reported in Figure 6 . In our model, high temperature entails low concentration, because the substance depletion is driven by temperature. The left panel in Figure 6 outlines the concentrations contours for Wp=0.2, while the right panel shows the concentration contours for Wp=0.4; both panels correspond to Sc=1. The top, middle, and bottom panels in Figure 6 illustrate the concentration contours for Re=100, 500, and 1000, respectively. The concentration contours decline as the length of the heater is increased, since the amount of energy injected into the fluid is larger than when the heater is smaller. The longer the heater, the greater the decomposition. Furthermore, it can be observed that concentration contours weaken at lower Reynolds numbers, that is, the decomposition of the substance is increased when the velocity of the fluid is small because the center of the cavity is heated uniformly. At higher Reynolds numbers, a cold stream predominates, preventing thermal decomposition from taking place at the center of the cavity. Moreover, large concentration gradients develop at the hot/cold flow interface.
To better illustrate substance decomposition, Figure 7 shows the concentration profiles at the middle vertical line. Figure 7a shows the concentration profile for Sc=1 and Wp=0.2 with different Reynolds numbers; substance concentration is almost zero at lower Reynolds numbers, which means that thermal decomposition is highest. Upon increasing the Reynolds number, the substance decomposition is reduced, principally at the center of the predominant cold stream; however, substance depletion is high near the heater. At the top wall of the cavity, thermal decomposition increases gradually as the Reynolds number decreases. Figure 7b outlines the temperature profile for Sc=1 with two different Reynolds numbers and two different heater lengths. At low Reynolds numbers, concentration profiles do not show differences when the length of the heater is changed; however, important variations are observed at high Reynolds numbers due to the effect of the heat source length. At Re=1000, concentration is higher for Wp=0.2 than for Wp=0.4 from the heater surface to the center of the middle vertical line, and beyond that point, concentration is higher for Wp=0.4 than for Wp=0.2. Figure 7c shows the concentration profile for Wp=0.2 with two different Reynolds numbers and two different Schmidt numbers. For Re=200, concentration increases when the Schmidt number is increased in almost all the middle vertical line, which indicates that thermal decomposition (low concentration values) increases with low Schmidt numbers. More complex profiles are observed at Re=1000; near the heater, in a small zone, the concentration of the substance is lower at Sc=100 than at Sc=1, and beyond y/H=0.4, substance depletion (thermal decomposition) is higher at Sc=1 than at Sc=100. In the neighborhood of the top wall, again in a small region, the concentration of the substance is reduced with high Schmidt numbers. It can also be observed that, at Sc=100, in a large region from y/H=0.4 to 0.9, concentration values are high, in fact reaching maximum value. Therefore, thermal decomposition, which entails low concentration values, is enhanced at low Schmidt numbers. Figure 8 outlines heat transfer characteristics in the cavity where flow is subjected to thermal decomposition, through the variation in the average Nusselt number as a function of the Reynolds number for different heater lengths, and several Schmidt numbers. Figures 8a and 8b show average Nusselt numbers for Sc=1 and Sc=10, respectively. Figures 8c  and 8d show average Nusselt numbers for Sc=100 and Sc=1000, respectively. It is clear from these figures that the Nusselt number increases as the Reynolds number grows for all heater lengths and all Schmidt numbers studied. When keeping Reynolds number constant, the heat transfer rate is increased as the heater length increases due to the higher energy input. At lower Reynolds numbers, the variations in Nu with the length of the heater are lesser than with higher Reynolds numbers. Increasing the Reynolds number makes the cooling of the cavity more effective: large zones of cold fluid are observed, axially crossing the cavity and preventing thermal decomposition from taking place inside the cavity. In other words, the concentration of the substance is high when Nusselt numbers are high due to a more effective fluid cooling. The released energy also increases as the heater is elongated, given that vortices increase in number and motion, thus improving energy transport.
Heat Transfer Rate Analysis
The variation of the average Nusselt number as a function of the Schmidt number at different Reynolds numbers and different lengths of the heater is shown in Figure 9 , which shows that the heat transfer rate varies drastically when 1 ≤ Sc ≤10, reaching a minimal value at Sc=10. When Sc > 10, the average Nusselt number goes up when the Schmidt number is increased to Sc=50, and afterward, the heat transfer rate undergoes a slight increase. The above behavior implies that fluid cooling is minimum at Sc=10; as a consequence, the temperature of the fluid inside the cavity is highest, promoting thermal decomposition. On the other hand, when comparing the average Nusselt number for the three different heater lengths, it can be observed that longer heaters result in higher heat transfer rates from the heater to the system. reduction of area between the upper right corner of the heater and the lower corner of the right wall of the cavity, and so the fluid undergoes more friction. When Wp=0.4 and Re=100 are maintained constant and the Schmidt number is increased to 100 (see Figure 10g ), irreversibility inside the cavity is attenuated due to a decline in mass diffusivity. Figure 10b shows the Bejan number for Sc=1, Wp=0.2, and Re=100, and identifies the regions where heat transfer irreversibility is predominant: two zones of strong thermal irreversibility emerging from the right end of the inlet step of the cavity. The first region is near the center of the cavity and extends upward. The second region is near the left wall of the heater and extends to the bottom left corner of the cavity. Contours concentrate in both zones, which indicates large gradients of temperature in these regions of the cavity. When Sc and Wp are maintained constant and the Reynolds number is increased to 1000 (see Figure  10d ), large regions of heat transfer irreversibility appear at the upper right corner of the cavity and in the region that extends from the upper corner of the left wall of the cavity to the top right corner of the heater; this thermal irreversibility is due to large gradients occurring in the interface between the predominant cold stream and the hot vortices, which are intensified by the increased Reynolds number. Increasing the length of the heater to Wp=0.4 and holding Sc=1 and Re=100 (see Figure 10f ) causes Bejan contours to behave as in the case of Wp=0.2 at the same Sc and Re; however, these contours are more intense, since a larger heater involves higher energy injected into the fluid than with a small heater. Maintaining Wp=0.4 and Re=100 constant and increasing Schmidt number to 100 (see Figure 10h ) causes a small region at the center of the cavity and a region behind the heater to exhibit the highest temperature gradients.
Average total entropy generation is shown in Figure  11 as a function of the Reynolds number for different 
Entropy Generation Analysis
The irreversibility of the thermal decomposition due to a chemical reaction in flow inside the cavity was analyzed by means of total entropy generation and Bejan number maps; see left and right panels in Figure 10 , respectively. Figure 10a shows total entropy generation for Sc=1, Wp=0.2, and Re=100. Strong irreversibilities can be observed at the entrance of the cavity, at the corner where the fluid undergoes a big expansion due to the change in the crosssectional area, on the surface of the heater and at the exit of the cavity. When Sc and Wp are maintained constant and Reynolds number is 1000, as shown in Figure 10c , the main sources of irreversibility place themselves in the upper right corner of the inlet step and the lower corner of the right wall of the cavity, and so two bands of irreversibility are identified in the interface between the predominant cold stream and the zones of vortices due to the large gradients occurring in these regions. By increasing the length of the heater to Wp=0.4 and holding Sc=1 and Re=100 (see Figure 10e ), irreversibility increases on the heater surface and intensifies at the entrance and exit of the cavity due to the blockage effect, i.e., when the heater increases in length, the fluid is accelerated due to a heater lengths and different Schmidt numbers. All cases indicate that average total entropy generation increases as the Reynolds number increases. This behavior is due to the fact that flow patterns become more complex as the Reynolds number increases, generating more energy transport with stronger velocity and thermal gradients. Furthermore, average total irreversibility increases as the length of the heat source increases due to the larger amount of energy injected into the system, and also, the longer the heater, the stronger the flow perturbation. The maximum values of average total entropy generation were obtained at Sc=1 (see Figure  11a ), although the variations due to changes in the length of the heater for a given Reynolds number are small. When increasing the Schmidt number to Sc=10 (see Figure 11b ), average total entropy generation is reduced in comparison with the previous case, although the variations due to changes in the length of the heater for a given Reynolds number increase. Figures 11c and  11d show average total entropy generation for Sc=50 and 100, respectively. The examination of these two figures indicates that, beyond Sc=10, average total entropy generation varies slightly for a given Reynolds number and a given length of the heater.
The variation in average total entropy generation when the Schmidt number is increased, at different Reynolds numbers and different heater lengths, is shown in Figure 12 . Figure 12a is for Wp=0.2, Figure  12b is for Wp=0.3 and Figure 12c is for Wp=0.4. The largest average total entropy generation occurs at Sc=1; beyond this value, entropy generation undergoes a rapid descent until Sc=10, after which a slight descent is observed and reaches its minimum value when 45<Sc<55, and finally, a slight increase can be appreciated. Furthermore, the minimum value of the average total entropy generation, for a given length of the heater occurs at the lowest Reynolds number. Flow composition characterization showed that thermal decomposition is greater at the lowest Re, highest Wp, and lowest Sc; however, with regard to the entropy production analysis, irreversibilities are minimal at the lowest Re, lowest Wp, and 45<Sc<55. Therefore, from the point of view of energy efficiency, the optimal design of an open cavity with a chemical reaction where thermal decomposition takes place is: 45<Sc<55, Re=100 and Wp=0.2. Figure 13 reveals the effect of fluid dynamics on heat transfer irreversibility by means of average Bejan number versus Reynolds number, with different heat source lengths and various Schmidt numbers. Figures 13a and 13b show the average Bejan numbers for Sc=1 and Sc=10, respectively. Figures 13c and  13d show the average Bejan numbers for Sc=50 and Sc=100, respectively. As the Reynolds number increases, the average Bejan number increases due to strong thermal gradients developed as a result of the interaction of the cold stream with the hot regions of the flow; this behavior continues until approximately Re=300, where heat transfer irreversibility reaches its maximum value. Afterward, Be decreases slightly, whereas Re increases because the inlet cold stream covers a large area, maintaining uniform temperatures in the center of the cavity. The average Bejan number is also characterized by an increase when the length of the heater is increased, due to higher energy transport.
The effect of Schmidt number on average Bejan number at different Reynolds numbers and heater lengths is illustrated in Figure 14 . Figure 14a is for Wp=0.2, Figure 14b is for Wp=0.3 and Figure 14c is for Wp=0.4. These panels indicate that, as the mass diffusion rate decreases and the Schmidt number increases, the average Bejan number declines. Thermal irreversibility decreases quickly when Sc < 10, and beyond this value, a slight descent of Be is observed in all cases. If Wp is maintained constant, Bejan number variations are reduced as the Reynolds number is increased.
The three different components of the total entropy generation for Sc=1, Wp=0.2 and Re=100 are shown in Figure 15 . Irreversibilities due to friction of the fluid are illustrated in Figure 15a , noting that at the entrance and at the exit the velocity gradients are intensified, especially towards the walls due to the increase in friction in the areas where the crosssectional area of the channel is reduced. Figure 15b describes the irreversibilities due to heat transfer; the contours suggest that the temperature gradients gradually intensify from the entrance of the channel and become more intense in the area between the corner of the channel step and the central part of the channel where the interaction between the heat flux of the heater and the incoming cold flow of the fluid cause high temperature gradients. Figure 15c shows the generation of entropy due to concentration gradients. These gradients are important in the initial part of the channel and to the beginning of the heater because in this area most of the thermal decomposition takes place. It is important to note that the total entropy map for this case tends to resemble the entropy map for heat transfer in the central part of the channel, observing elongated contours from the corner of the channel step that project to the heater, on which also entropy generation contours can be observed. On the other hand, at the entrance and exit of the channel, the total entropy generation map follows the behavior of the entropy by fluid friction. Figure 16 shows the entropy maps due to viscous, thermal and concentration effects for Sc=100, Wp=0.4 and Re=100. Figure 16a indicates that the friction losses are lower in the central part of the channel and increase in the entrance and exit of the channel. Figure  16b shows that the irreversibilities for heat transfer are important after the step of the channel and on the heating plate. This is because the temperature of the fluid in the recirculation zone generated behind the heating plate is higher than the one of the incoming stream. Figure 16c indicates that the irreversibilities for concentration intensify at the beginning of the channel where the variations from mass diffusion are relevant. Later, as the fluid moves, the gradients due to the concentration are gradually reduced. For this case, the total entropy generation map is similar to the entropy generation map due to fluid friction. zones of cold fluid are observed axially crossing the cavity and preventing thermal decomposition from taking place inside the cavity. Variations in heat transfer rate display a more complex behavior when the Schmidt number goes from 1 to 100, reaching a minimal value when Sc=10. Average total entropy generation profiles indicate that irreversibilities are reduced when the Reynolds number decreases. Moreover, the shorter the heater the less the average total entropy production. From Sc=1 to Sc=10, a steep decrease in entropy production is observed, while from 10<Sc≤100, a slight variation can be appreciated, although minimal values of entropy production are reached when 45≤Sc≤55. Average Bejan number profiles show that thermal irreversibilities reach a maximum value when Re=300. The longer the heater, the more the thermal irreversibilities caused. Furthermore, the average Bejan number decreases with the increase of the Schmidt number. The results indicate that the maximal efficiency of the thermal decomposition inside an open cavity occurs when 45<Sc<55, with the lowest Reynolds number and the smallest size of the heater. Since the research presented in this paper is limited to the geometry and the range of parameters used in the study, ongoing research includes three-dimensional simulations and multiphase flows. The foremost advantage of the present study is its possible application in minimizing costs of energy in industrial processes.
A pre-exponential factor, s -1 Be Bejan number, dimensionless C p specific heat capacity, J kg -1 K -1 C' mass concentration, mol m -3 C mass concentration, dimensionless dA differential area, dimensionless D diffusion coefficient, m 2 s -1 E activation energy, J mol -1 ɡ gravity, m s -2 H cavity height, m Ĵ vertical unit vector, dimensionless k' thermal conductivity, W m -1 K -1 k thermal conductivity, dimensionless n time step Nu Nusselt number, dimensionless p pressure, dimensionless P pressure, Pa Pr Prandtl number, dimensionless Q source term of the energy equation, J m -3 s -1 Figure 16 . a) Entropy generation due to fluid flow, b) Entropy generation due to heat transfer and c) Entropy generation due to mass transfer for Sc=100, Wp=0.4, Re=100.
CONCLUSIONS
This paper presents a two-dimensional steadystate numerical study of the entropy generated by fluid friction, heat transfer, and mass transfer in a ventilated cavity with thermal decomposition driven by a chemical reaction. The fluid enters the cavity in a state of high concentration, and as a result of the chemical reaction, its concentration decays as it moves through the cavity over a heat source placed at the bottom wall, where concentration insulation boundary conditions are imposed. Fluid dynamics, heat, mass transport, and their associated irreversibilities are significantly influenced by the Reynolds number, the Schmidt number, and the length of the heat source. The streamlines and velocity profiles show the complex pattern of the flow interacting with heat and mass transport. Temperature and concentration profiles and maps evince a strong dependency on the Re and Sc numbers, and a weak dependency on the length of the heater. As the Reynolds number increases, cooling inside the cavity becomes more effective, and large r
